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THE INFLUENCE OF THE DIAMETER RATIO ON THE CHARACTERISTICS
DIAGRAM OF THE AXTAL COMPRESSOR¥

By B. Eckert, F. Pfliiger, and F. Weinig

Rebort from the Stuttgart Research Institute for Automoblles and
’ Engines (="FKFS")

PREFACE

The hub diameter of axial—flow work machines is in the first
place determined by the stage head and in the second place by the axisl—
flow velocity. Great pressures or heads in all cases require a large
diameter ratio. On the other hand, particularly when very great
volumes have to be handled, for example, in the first stage of axial
compressors or in cooling fans, the hub must be small in order to
avold too great meridien velocities, capaeclty coefficients, that 1s,
which would act detrimentally upon the efficiency of the work machine.

The following rule may bte recommended for a first approximation:
The lower limit of the diameter ratio is limited by the empirical

equation v Q'U6T§E dependent upon the pressure coefficient. A
further lower limit for the size of the hub is set by the surging
limit.” According to the Institute's experience, we must have the

throttling or quantity coefficient o = %7 3'0.1. We hereby obtain

a second limiting condition for the smallest allowable diameter
ratio
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_With very great stage heads, great pressure coefficients, that is,
or with small voiumes, the dlameter ratio on the basis of both
aforementioned empirical equationg becoiics very large. The
following investigaetions therefore are-concerned in particilar with
the question of the upper limiting condition for the diameter ratio.
It is hereby found that the question of the ratio of active blade
surface to passive surface, that is, to the hub and housing walls,
plays a declslve part in influencing the efficiency. To obtain the
maximum efficlency an upper limiting condition v & 0.9 should not

be exceeded, on the basis of the following results.

In ¢ase of necessity, the diameter ratio may be somewhat smaller
then corresponds to the &bove lower limiting condition, this being
based upon unequel pressure distribution over the blade radius; that
is, the blade is loaded less et the hub and more at the outer
cylindrical sectlions, to such an extent that the mean value of the
total onressure behind the blade again corresponds to the required
value . , S e

. sﬁm@m

“With the further develonment of axial Dblowers into’ highly loaded” .
flow machlnes _the. influenoe of the dlameter ratio upon air output .
and effic1ency gains in. significance. -Clarification of this matter
is important for single-stage axial compressors, and is of still
greater Importence for multistage-ones, -end particularly for alrcraft
powsr plantg. Tests with a single-stage axial blower gave & decrease
in the attainable maximum pressure coefficient and optimum efficiency
es the diameter ratio Increased. The decrease must be -ascribed. -
chiefly to the gulde ‘surface of the hub and housing between. the blades
increasing with the ‘diameter ratio.

SECTIONGS

1. Introduction
2. Scope of tests and test pfocedure

3« Test results and evaluation of tests
(a) The influence of the dismeter ratio on the non-
dimensional characteristics and. design factors -
""" “ (b) Subdivision of the total efficiency, and the relatia1
between the partial efficiencies and the diameter ratio
(¢) The influence of the diameter ratio on the drag-lift ratio
“o Summary
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INDEX OF THE FREQUENTIY USED SYMBOLS

1ift coefficient (=)
mean flow velocity in the blower (ﬁ/s)

component in the peripheral direction; tangential
component (m/s)

drag coefficient (~)
circulation coefficiént (=)
blower outer diameter (m)
blower hub diameter (m)

distance of one blade element from the axis of
rotation (m)

acceleration of gravity (m/s2)
welght flow (kg/s)

head (m)

nondimensional rotary speed (-)
power coefficient (-)

windage power-loss coefficient (-)

cagcade influence coefficient ()

blade chord (m)
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Niotal shaft power; total power (mkg/s)- . R
N, mechanical power loss. (mkg/s)
Ny = éch indicated compressor power (mkg/s)
Ng = éﬁk, © - power loss in the rotor blading ' (mkg/s)
loss loss o
NL o= éHL power loss in the stator blading (mkg /s) ; '
loss loss 03
Noent = Fyont windage vower loss. (mkg/s) 9
N,o1 = GHyoy clearance vpower loss (rkg/s)
N, = éHu rotor veriphery power '(oower develoned
by blades) (mkg/s)
Ngg = éHst stage power : (mkg/s)" S
N, = éHad useful power (mkg/s) o ;"LA"" ;J
n rotary speed of the compressor . frp), -
Ap = vH pressure rise (kg/m%)}
S width of clearance - (m)
t blade 8pa01ng or pltch (m)
u peripheral velocity (m/s)
v flow volume  (m3/s)
z number of blades in the rotor  (-)
Bs angle between the perivheral direction and

the chord of the profile center line, degrees

€ drag-1ift ratio (~)
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R

€p

]
rotor drag-1ift ratio (-)
fféfiié.érag;lift rati& (4)
efficiency (~)
dlameter ratio  (-)
mass density (kgse/mh)
volume density (kg/m3)
compressor flow (or capacity) coefficient (-)
compressor pressure coefficient (=)
throttling or quantity coefficient (=)

flow angle (angle between the mean relative approach
velocity and the veripheral velocity), degrees

Subscripte:

mech
vol
vent

u

iad

mechanical
Qolumetric
windage
blade

internal isentropic

ad = total over-all efficiency at the blower coupling

R
L
~%

By

rotor --
stator

nuncer OI Di&Ces 1n the POoTor (=)

angle between the perivheral direction and
the chord of the profile center line, degrees

drag-1ift ratio (~)
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m mean section

P profile

ad isentroplc

® relative to the actual approach flow direction
a outer

i inner

Superscript:

for one blade element
1. INTRODUCTION

With low-pressure 'axial blowers, but aleso with axial blowers
having pressure coefficients up to about V¥ = 0.3, the influence
of the diameter ratio on the blower characteristics is not
particularly large. In thls case the hub dimensions are usually
80 chogen that there may be room for the number of blades determined
mathematically. With an increase in the stage pressure coefficient,
which is desirable for various reasons, a knowledge of the capacity
coefficient suitable for a prescribed pressure coefficient Y 1is
necessary, because uvnon falling short of a certain ratio between the
capacity coefficient and the pressure coefficient expressed by the

2

throttling or quantity coefficient o = %; the surge limit of a
compressor ls reached or passed, which makes perfect operation of
the compressor out of question. However, because the capacity

c
coefficient @ = ag = = v > ﬁL is decislvely affected by

a HD(l-—U“) a
the dlameter ratic v = % the allowable dlameter ratio is of greater

Importance with blower having high pressure coefficients.

For this reason the problem ex1sts of finding the dependence of
the attalnable quantity coefficient o = %F upon the diameter ratio,
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of determining the effect of dlameter ratio of various sizes upon the
attainable blower efficiency, and of clarifying the magnitude of the
diameter ratio's influence. Knowledge of the influence of the diameter
is particularly important for multistage axial compressors, for alr-
craft engine superchargers, and for compressors for Jet engines; for
example, because with increasing compression the flow volume falls

off', whereas the stage pressure increase on the other hand must remain
as great as possible in order to manage with as few stages as possible.
Under these circumstances it is chiefly knowledge of the diameter
ratio v > 0.7 thet is worth while. .

2. SCOPE .OF TESTS AND TEST PROCEDURE

The 48-blade axial rotor shown in figure 1 was used as an
experimental blower and its blade sections and characteristic
dimensions are shown in figure 2. Changing the cowls of the blower
approach flow and blow-off, and of the following guide devices or
stator (fig. 3) made it p0591ble in a very 81mple way to investigate
the diameter ratios between the limits U = 0.75 to 0.95. The rotors
end stators of the experimental blower were calculated and built for

the diameter ratio v = 6—&% 0.75 and suitable inserts were provided

for larger dlameter ratios. Care was taken in this connection that
the 1neffective blade roots with the larger diameters could not
faleify the result through additional windage losses. The static
pregsure measurements in front and behind the rotor and stator were
taken both outside at the housing and also inside at the front and
rear cowls; that 1s, at the outer and at the irmmer borders of the
flow. (See fig. 3. ) The pressure readings under these circumstances
varied only very little from one enother. In order to obtain measure-~
ment readings for varieus blade settings, the rotor blades were made
adjustable. With the large number of blades it seemed expedient, in
order to save time and to Increase the accuracy of the tests, to be
eble to turn and lock all blades simulteneously, which was made
possible by the toothed adjusting device shown in figure 1. The drive
balls engaging the teeth of the adjusting device were installed with
no pley whatever.
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3. TEST RESULTS AND EVALUATION OF TESTS
(a) The Influence of the Diameter Ratio on the Nondimensional

Characteristics and Dezsign Factors

Figures 4 to 8 show, for five different diameter ratios VYV = 0,755
0.8, 0.85, 0.9, and 0.95 of the single-~stage test blower, the :
experimentally found dependence of the revolutions per minute and the
blower efficiency upon the capacity coefficient. From these blower
characteristics diagrams, we clearly see that a decrease in the
maximum revolutions per minute attainable and in the optimum efficliency
accorpanies an incrcase in the diameter ratio.

In order to make it possible to utilize the test results as a
basis for further calculatione, the influence of the diameter ratio
was also represented in still another way as a function of a
definitely determined nondimensional charscteristic. In a. way
similar to the specific revolutions per minute for pumps and turbines,
which serves as a basis for their belonging to a certain classification,
we may also set up for axial-flow blowers a corresponding charac—
teristic magnitude:?

nV:L/e

odfe 2
= o T

(=) 4 (1)

lWeber, M.: Die spezifischen Drehzahlen und die anderen Kemn-
grissen der Wasserturbinen, Kreiselpumpen, Windr&der und Pro-—
veller als dimensionsfreie Kenngr&ssen der Ahnlichkeitsphysik.
Schiffbau Bd. 31 (1930) pp. 73, 156, 207, L13, 432,

Weber, M.: Das allgemeine Ahnlichkeitsprinzip der Physik und
sein Zusammenhang mit der Dimensionslehre und der Modellwissenschaft.
Jahrbt. 4. Schiffbautechn. Ges., Bd. 31 (1930) p. 273.

Weinig, F.: ZEin Vergleich zwlschen Kolbermaschinen und Tregfli-
gelmaschinen mit Hilfe dimensionsloser Kenngrdssen. Mot.—techn.Z.
Bd. 2 (1940) H. 8 p. 255.

Eckert, B.: Dimensionslose Kenngrossen von GeblBsen und Verdich-
tern. Auto.-techn.Z. Bd. 47 (19u4k) H. 1ﬂ2pp. 1to7.
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Because the characteristics dlagrams (figs.h to 8) are as
usual plotted in nondimensional form, it is advantageous also to
express the nondimensional rotary speed in the nondimensional design
factors. We obtain with the flow volumes

V= QDHRE(]. - 'b?)ua

for 6ne_t1me unit, and with the head

u,2
Hag = =r)
the nondimensional rotary speed
K = gM/2(1 — w2 3/ (2)

n

The throttling or quantity coefficient 1s defined as the ratio
of the dynamic pressure to the total presaure

2

(8
 feggn  (B)m® (B 42
T Dpggn + BPgt  BPtot APt 2

@;‘;2

(3)

)

Now if we insert into the separate blower characteristic dlagrams
the lines of constent nondimensional rotery speed (equation (2)) and
constant quantity coefficients (equation (3)), then we obtain figures 9
to 13. From these graphs it is now possible to see the influence
of the diameter ratio © upon the characteristics ¢, V¥, n, of
an axial blower, and the connection with the importent nondimensional
characteristic magnitudes K, and o which determined the preliminary
computations and the production design.
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Figures 9 to 13 do indeed contain all knowledge gained in the
present experiments; their use is however not very clear because
of the subdivisicn drto five separate diagrmms, and because of the
many dépéndent” variedles - (9, ¥, ‘g, m, Ky Byyie v). TFor these
reasons a few particulerly important results of evaluation will be
discuased in the following.

If we think of the curves of specific rotary speed in figures 9
to 13 as tangents to the conchoidal efficiency curves, and connect
the contact points together, then we obtein the optimum efficiency
reached in the present experiments, for the case under consideration
as a function of the nondimensional rotary epeed for various diameter
ratios (fig. 14). In figure 1k, which conrains the results for all
five diameter ratios 5nvestigafed the. corresponding lines of
constant quantity coefficient are also draswn in.

The results show that with the usually prescribed ncondimensional
rotary speeds the attainable blower efficiencies dectesdse ds the -
diameter ratio lncreases, This dlscovery poes beyond the investigated
pitch ratio, and is of fundamental importanﬂe in the preliminary deslgn
of multistage axial compressors. . .

In the future still other pitch ratios, and particularly larger
pltch ratios, are te be investigated; yet with such rotors only a
small stage pressure increase will be reachei so that they are of
minor significance for the multistage type.:

Special attenticn must be drawn to the fact that with different
compressors under consideration, numerical values should not be
teken from figure 1k4; figure 14 is intcnded merely to illustrate in
a general way that the attainable efficiency decreases as the dlameter
ratio increases. The quantity coefficient curves ¢ recorded in
figure 14 likewise relate only to the experimental blower; that is, they
ghould not be made the basis of the design of any desired compressor;
a larger or smaller blower efficiency may also be reached with other
quantity ccefficlents, depending upon the structural dimensions.

In figure 15 are shown the results of a similar consideration,
the: dependence of the optimum efficlency upon the quantity coefficient
at various dlemeter ratios VU, whereby the expression

% . c(l —Fag)g o (%)
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proved to be convenient as the basic quantity coefficient. - This basic
quantity coefficient is therefore the quantity coefficient in the
anobstructed tubular section, in contrast to the effective guantity
coefficient, which is related to the blower cross section reduced

by the hub.

The behavior of axial compressors with variation of their blade
gettings is also often worth knowing for regulatory problems. In
figures 16 to 18 are shown the quantity coefficient as a function.
of the specific rotary speed K, for various diameter ratios from
0.75 to 0.95 and the blower efficiency obtained is in each case
recorded as a parameter; figure 16 shows the relationships for the
calculation setting (Bg = 30°), figure 17 for the blade turned to
another position (Bg = 36°), and figure 18 for a blade setting
(Bg = 24°) with the blades locked.

The influence of the diameter ratio on the highest pressure
coefficient attainable in the case under consideration was also to
be clarified within the scope of the investigations. In figure 19
is shown the maximum pressure coefficient 1., for various blade

setting Bg = 18° up to By = B54° as a function of the diameter
ratio Vv of the experimental blower. If we go on to compare the
maximum pressure coefficients obtained for each of various quantity
coefficients o we then obtain the curve of maximum pressure
coefficients VY., shown in figure 20 for various diameter ratios
(index v = x) relative to the maximum oressure coefficient for

the dismeter ratio v = 0.75% (\anax o.75): The Tesults show that
v=0.

the relative values of the ratio ¢WU depend but little upon the
0.7%

blade setting and gquantity coefficient. The mean value curve drawn as
a solid line in figure 20 satisfies the equation

]
\ri-—- = =5.7T02 + 7.950 - 1.71 (5) .
V=0.75
_ . Piax, _ ‘ N
The values of the ratio —X were considered in the same
18%p=0.75

way, and the results are shown in figure 21. In this case also the
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sengitivity with respect to blade setting and gquantity coefficient
is only slight; the formation of the mean values in the latter case
satisfies the equation

(-P-—-SL— = =3.73p2 + 5.32p - 0.9 (6)
v=0.75

(v) Subaivision of the Total Efficiency, and the Relation
Beﬁween the Partial Efficiencies and the Diameter Ratio

The power Ny, is1 required by an axial compressor is larger,

by the amount of the losses, than the effective power applied to
medium delivered. The losses are composed of the mechanical losses,
the windage losses, the gan or clearance losses, and the frictional
losses in the blades of the rotor and stator or guiding devices.

The energy balance is shown qualitatively in figure 22 in the form

of a Sankey.diagram, and the condition change during flow through the
compressor is shown gqualitatively in figure 23 by the Mollier i-s
diagram for air (enthalpy-entropy), taking into account the partial
losses.

The mechanical losses that occur in the bearings, intermediate
packings or seals, and in the joints of the Jointed shaft (fig. 2k)
are comprised in the mechanical efficiency.

Ny - Niotal = ¥m

N
Mneeh = =1 - o (7)
mee Niotal Niotal Viotal
In this
Niotay Shaft power (PS)
Nm power for covering the mechanical losses (PS)
Ny internal (indicated) power (PS)

(PS x 0.986318 = HP)
The mechanical efficiency is given the exverimental value

0098

Mmech =
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The windage Josseg are produced by air carried along at the
ends of the rotating rotor through friction, this air being thrown
outward by centrifugal force, whereby eddies are produced. They
are taken into account through the windage efficiency. With the
gymbols in figures 23 and 24 we obtain

n t=l—- = — =
ven Ny Ein Hin Hiy

Nvent L Hﬁent HEth "'Hvent _ Hst (8)

Corresponding to the windage power—losa coefficient

N
k, =
! o, 3"

> Ya” Ty

usual in steam turbine practice, the windage power loss, relative to
d_ ui 2

the compressor outer diameter (5-= P ) may be written
\ a

= L r.%u3 = 23,5
Noent =Ky o 8 ™i7uy° = Ky 0 & Ry (9)

According to A.Stodola®

= 00,0021 to 0.0028
vent

ky

in a steam turbine for a smooth rotor and in a not too narrow axial

gap at a comparable Reynolds number. For the test blower with the

very great axial gap but with somewhat greater roughness kz &
ven

should be about the same magnitude. The greater roughness builds

up a greater stagnation layer and thus in effect cuts down the
clearance and consequent windage loss. In evaluating the test there-—
fore, the assumption was made that kzvent = 0.0028,

- —

The shaft diameter 1s assumed to be small. When the mass density
1s different on the two sides of the rotor, its mean value is to be
inserted.

SStodola, A.: Dampf— und Gasturbinen. 6. Aufl. Berlin.
J. Springer 1924,
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If for the internal power of the blower we write:
N; =k, P nR2u,3 10

wvhereby, using equation (15) for the internal adiabatic efficiency,
the power coefficient is

k=2 (1 -y?) (11)
ty My
ad
then with
T]’cotal = niadnmech
. k 1
n B Zventnlad U5 1 lyent total U5 (12)
£ = =
ven Py 1 - v° P Mpecn LT v®

The gap or clearance losses occur as a result of the gap or
clearance necessary for opsrational reasons between the rotor and
housing Nvol and under certain circumstances between the stator

R

or bearing and shaft <:Nvol ). Because of the pressure drop that
L

exists between the nressure side and the suction side, a portion of
the working medium LGy or AGL flows back in some cases. The

clearance losses are taken into account by the volumetric efficiency

T‘vol

(13)

The total volumetric head loss

H = H + H
vol vo_LR VOlL




NACA T™ No. 1125

is hereby composed of the volumetric head losses in the rotor
gap (HvolR) and in the stator gap (HvolL . By the volumetric

efficiency of the rotor and of the stator are mmderstood

Ny = O
volgp G + AGg

N = -..-—-G..__.._
Voly, &+ Ay

Let them be regarded in the following as given. With them we get

H =f1 -7 H,
volR < volR> 1dstR
HVol = (l ) T.‘vol Hid
L\ 1, stL
or, if H, indicates the "1deal" head of the rotor
Hy = Het = Hyo1 = MvorHgy

and w Iindicates the degree of reactlon
" = wH
idStR w

H = (l - W)Hu

1dg tL

=71 - \
HvolR - \ 1 qvolR)WHu

E[vo].L =<l - TlvoZLL)(l - WHy

15
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and consequently

Nyor =+~ nvol[—gl ' nvolR>W * (l N nvolL)(l - %EJ

or

1
2 - Myolg? = T‘volL(l - W)

Nyo1 =

for

v approaching 1; nvolR approaching 1; nvolL approaching 1,

we obtain as a first approximation

nvol approaches ﬂVOLR

The epproximation is particularly applicable to rotors having a
following stator.

The frictional losses H, at the blades of the

(R*L) 1088

rotor Hp end the stator Hy, are taken into account through
loss loss .

the blade efficiency Ny+ This is given as the ratio of the head Had
actually reached to the head Hy (fig. 23) remaining after deduction
of the windage ( Hyent) @and clearance (:Hvo%> losses from the

theoretical head Hyp:

H H - H - H - H(R+1,
nu - ad - _th vent vol ( )1oss (lh)

Hu ch = Hyent = Evol
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From the foregoing definitions we consequently obtain for.
the intermal efficiency, that is, the ratio of the useful power
to the total power transmitted to the working medivm

’11 = niad

£

i
2

Hth ~ Bvent Btn - Hvent - Hvol Eth ~ Hyent - Hvol - F(R+L)1 050

=

Ein Hin = Event Hen ~ Hyent = Hyol

Hst Hu Had.

T s coweme  —

| Hyy Hgy By

= Mventlvolu
The product Nye1My, = EZ% may be termed the stage efficiency Mgy
For the total or adiabatic efficiency we consequently cbtain

Nag = Ntotal = T]iadnmech = NyentvolMumech

In accordance with this we obtain for the sepéra’ce powers (mkg/s)
the following relationships:

Total drive power Niotal = ¥4 *+ Npeon

Internal power Ny = ché = NmechN total

Stage power Ng¢ = Hsté = (ch = Hyent ¢ = NventVi

Blade power Ny = Hud = (ch = Hyent - Hvol>ér = Tvollgt
Useful power N, = Hadé = ‘_"ch = Hyent ~ Hyol - H(R+L)los s

(15)

(16)

‘Jé = nlﬂu.
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Windage lose power Nyent = Hventd
Cleavence loss power Ny, = Hvold

Blade loss power N(R+L)]oss = B(R4L) 10580

The qualitative relatlionship between the diameter ratio v
and the blade efflclency 7, may be derived from the following
considerations.

. The blade efficiency of an axial blower in terms of one blade
element at a distance r from the axis is

1o
v R
RO T
1+ &;Q&-

“R

and

N = ——— (27)

The index (') hereby indicates that the megnitudes relate
only to one blade element. The effective capacity coefficient is
hereby '

1 m
q)oo =._.._.._c_r...
R ul_ 1
2
o' = B
= TA
ooL C'u

)
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and because

and

u u znu
cl - _}P"
u' En?

Consequently, for the rotor

R 1 ..V
[}
lmu
and for the stator
]
cp'oo = ..%_.
L v
lmu'

Furthermore with a negligible change in density, with

Ap = 7Hgg

19
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end the ideal static pressure rise in the stator (index L)

=2 '2 = L2 u'2 cu' _e
ApLid.,st =3 u 2 ("{I" t 2 'L
and in the rotor (index R)

p g2 ¥ o ef¥' V 2| YV
A I A VLS AU - A R A B AR .
pRid,St 2 T}u' 2 <2nul 2 %i' on 7/ 1

Consequently for the blower element
Ap = Ap, = Ap
u (R+L)loss
whereby
JaY =
p(R+L)loss APRloss * A‘pL].oss

end the pressure loss In the rotor
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: ?
So long as é%"" <« 1%, we mey however write as an estimate for
. u 7 S

" ‘sacH elenment of the blower

P\ ~0
lJI‘les:

that is
FaY A
pRlo:ss P(R+L) loss

Furthermore if weé write
4 z ]
o op ™ P
then

1l - GR(P'

l+5$
P

1 t

T g

Assuming a constant mean flow velocity (cm = constent) and s
constant profile drag-11ft ratio (GR) independent of the blade
section r under consideration, we obtain for the entire blower, with

1
the relationshi ' = 2 yherebd = I
e r OI;LS §o] Cp X weey X -F'

R
t2rn dr
/‘ Ty 2(92 1+ 20 1+ EQ-
S S S BY 1n R (18)
v /\R CAER B -
2rn dr R
Lri

“Transletor!s note: << means is much less than,




22 NACA TM No, 1125

Evaluation of equetion (18) is very tiresome, pérticularly
for large values of the capacity coefficient ¢. However, so long
as €p ¢ ®' then A

€

¢
and
vR
L/ ﬂu'ern dr
i 2o .2 L1+D +v° (19)
= =1 =€ - — 1
" L 3p 1+ v

R
Jf 2rn dr
.

1

Through the simllar equation, which however takes into account the
agymptotic behavior for small values of ©

1 - 2 ERy

1+ 196
T 142120+ UQ‘EB 19e)
3 1+ P

exact results are guite closely approximated both for large as well as
for smell values of ¢. Evaluation of equation (1%9a) is shown in
figure 25. :

Taking the clearance losses into accoimt the internmal adiabatic
efficlency becomes

M n

igg = Mwventlvol'u

end the over-all efficiency at the blower counling becomes

Niotal = Nad = "ventMvol"umech (20)
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Consequently,

_ Mtotal - . _ Ttotal 1
yentNvolmech volmech 1 - klventntotal v5

' ) C QWMysen 1 - P

T (21),

With the values M,o1 = 0.98, M., = 0.98 based upon test

results and the assumed value k, = 0.0028 we obtain the values
vent

shown in table I for the blade efficiency:nd the corresponding

effective drag-lift ratios according to figure 25, in each case for

the experimentally found optimum value.

TABLE I

PERTPHERAL EFFICIENCY v, AND GRID DRAG-LIFT RATIO €g FOR VARIOUS
DIAMETER RATIOS v

v s Pz | Mtotal N R
07510730 { 0,470} 0.778 | 0.813 | 0.0838
S0 710 Ao <748 783 1 093
B85 665 W06 LTO5 | WTh2 .103
Q0| 590 W352 N STYS T BN G ¢ TR S i I ¢
951 JM465] L300 B515 | W562 1 W1k0

(¢) The Influence of the Diameter Ratio on the Drag-Lift Ratio

The drag-1ift ratio €y of the rotor or stator is evidently
considerably greater than the drag-lift ratio €p Wwe might expect

for the profile itself. The difference is evidently caused by the
fact that not only the blades themselves but also the portion of the
hub surface and housing surface lying between the blades cause flow
losses. These surfaces, at least with a sufficiently large number of
blades, that is, sufficiently close spacing, are under substantially
the seme flow conditions, that is, the same acceleration and
retardation, as the profiles along their axial extension. Thereforse,
the flow losses hereby produced stand in approximately the same ratio
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to the flow losses at the profile surfaces as these portions of the hub
surfaces Fj = zt3ly sin By eand housing surfaces F, = ztyly sin B4

stand to the profile surfaces Fp = EZZm(R - n). Consequently, the
retio of the drag coefficient cwr which is determinative for the

efficlency nR to the drag coefficient ¢, of the profile in a
Y

smooth grid flow, and consequently also the ratio of the corresponding
drag~1ift ratios becomes

r R4 elaBinPet Yylysinfy . tnsinfg (22)
Gy Cp . 21(R - ) Koy |
In this
t, = ~ale 010 Ba ¥ Tily 0in By | Brry 1o ry)
2(15 ein By + 1; sin By) 2 z
lg 810 By + 15 sin By g + 14
Zm = Y 3 ®
2(sin By + sin By) 2
sin Ba + sin Bi
sin By = o
Ba + By
P ¥ e
u 2
Consequently,
t1l+D _ e
€R=€P(l+,zl-u sin Bm) " % =
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The values compiled in table II were found with the foregojng
~ test results for the test blower = U8 blades.,: ~ - -

TABLE II-
PROFILE DRAG-LIFT RATIOS ¢p OF THE TEST. BLOWER FOR VARIOUS DIAMETER .

RATIOS ©

g . Tl 4+ _fR
b (dgé) sin By 12 T e ‘P = k,

0.75 48 | 0,743 0.458 [L.34 0.0618
.80 Y7l 731 .589 11.431 L0650
.85 hh | 695 818 (1.568 L0657
.90 391 .621 1.242 11.782 .0656
.95 32 .530 | 2,582 |2.369 .0590

The evaluation of the test results can also be effected graphically
when kE has been computed, as is shown in figure 25.

For many applications 1t has been found advantageous to introduce

fat® L W11

_ “Al+v
2 Tom T2

sin Bg
lp 8in By + 1y sin By g grmpy t U

) - 2

sin By ¥ 1Ip sin By

and thus to write

f
"dm
7
+
i
-]
1
(<]
N
U
o
e
m

ER'
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In order to evaluate these:drag-lift ratios, let us first
make an estimate of the corredponding me:n angle of iIncidence ap

the mean circulation coefficient cP or the mean lift
m

coefficient cam. and the mean profile-drag coefficient Cy

. e “m
by means of - - (See fig. 26.)
~
A c o
Oy = By - o, = Bm - arc tan ———— = Py - arc tan ;??E;__
m . .Awu . Lo l . Wm
W. - W |  — .
u u - T A y . 24
c =2£ 2 1 =2(—t’ : ‘nu' = - C ( )
: - o , il N2
.o ! cpm + -3
1 . . u
U
Hereby4 T UL S P R
o2l
%, T T+ v R

ot =§<l + )R

Furthermore

2

Ty *+rteng,

[¢] = C -
I'"1 4 tenfq

C = ¢ C
a .

For the present test results we then obtain the following values
for - .
.?Fm’ cam, cwpm shown in table III



TABLE IIT

v ) t/1
k& | SR Yo | @) | T | fm | ¥p

(dog) ' -

0.75 0.0257 0.0312 | 0.826 10.537 |0.955 j0.813 | 37.8 10.2 | 1.15 pP.0618 {1.015 0,0628?
80| 0264 | 0312 850 489 | 878 | 183 | w6 | 124 | 1.6 0@0'9@'.%%?

B5 1 0272 | 0312 WB78 1 432 | 778 | JTH2 | 30.7 13.3 | 1.12 }0657- 907 .0596%
.90 .0279 0312 | 897 | 371 | 653 | 674 | 26.3 | 12.7 | 118 | .0656 | BT | .057

95 | 0257 | 0312 | 921 | .308 | 491 | 562 | 21.8 10.2 | 1.01 | .0590 | .629 | .0371i

1.00 | 0294 | 40312 | w945 | === | mee | eme | emee | oeee b eeee | eeee b e | e

Because the blade efficiency 1, increases with the flow coefficient for the diemeter
ratios investigated and for a constant ep and therefore with a fixed blade setting for a

constant’ €p also, the operating point with the optimum €p evidently lies at a lower @
than the operating point with 1 . The values ¢ and ¢p obtained from the above ,
experimental values at the optimum efficiency Mopt must therefore be somewhat worse, larger

that is , then the optimum value possible. With this optimum value of eg or €p 1is also

associated a 1ift coefficient that is somewhat larger, but which must in turn be somewhat
smaller than the maximum attainable 1ift coefficient ‘

c > Cg > Ca
@max €opt Nopt

GSTT °ON WL VOUN
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Evaluation of the tests shows that ¢€p and ¢, ,

Nopt Nopt
respectively, are, within the limits of test and eveluatlion accuracy,
independent of the diameter ratio. The decrease in efficiency
and in the pressure coefficient with an increase in the dlameter
ratio is consequently to be ascribed chiefly to the Increasing
influence of the portions of the hud surface and housing inner
surface between the blades, which cause proportionally the same
flow losses as the blades themselves, but which however contribute
nothing to the useful work.

The efficiency lines shown in the lower part of figures 4 to 8
have in each case an envelope. The points lying upon these envelopes
must in each case correspond to an operating condition of optimum
drag-lift ratic e€,. If this drag-1ift ratio were known, then the
envelope could easily be calculated by the aid of the relationships
given. Now as a check let gpopt = 0.063 be taken as the basis for

all diemeter ratios end blade setting.

O, > and TMyorgy are known for each point of the envelope.

From this we firg!t obtain ths periphersal efficiency in accordance
with equation (21) (line My, Tige 27). With ep = Popt have
o

en upper limit for n, according to equation (19) which leaves out
of account the flow losses at the lateral guides of the flow past
the hub end housing in the region of the blades (line- nuo in fig. 27).

With €R = k€ P (according to equation (23)) these flow losses are

taken Into account as respects the peripherel efficiency T
according to equation (19a) (line nul in figs 27). The results

of these evaluations are reproduced in figure 27.

The difference (c) between n, = My, computed with e, = 0.063

. Y
end the 1, = nue obtained from the test results may be ascribed only

to the slightest extent to the factors neglected in deriving
equation (19). No substential chenge in the profile drag-lift
ratio ¢, occurs even when there is & change in the blade setting
and consegquently in the load distribution along the radius.

The main influence is probably the chenged flow to the stator.
Because this influence is considerable, we contemplate making tests
of the entry shock into the stators.
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4. SUMMARY

The tests on one single-stage axlal blower with a variable
diameter ratio gave a decrease in the marimum attainable pressure
coefficlent as the diameter increased. A comparison of the
throttle coefficients for the cases in question led to a similar
result. As further eveluation of the teshs and further consideration
showed, the optimum efficiency attainable is dependent upon the
specific rotary speed Kp end the quantity coefficient g, related
to the unobstructed tubular cross section, but it always decreases
as the dlameter ratio incresses.

In evaluating the tests the over-all efficiency was divided
into its partial efficlencies. Because in the test blower, with
srelatively small drive power but with large structural dimensions,
the influence of rotor frictional and windage losses had their effect,
the efficiencies attained were low. This should be particularly
noted in order to avold errors. With aircraft~engine axial super-
chergers, usually of multistege design, the windage losses for
example would be practically negligible. The same applies to a
Jet-engine compressor. Indeed in this case the absolute windage
losses are similar to those with the test blower; however, the drive-
losses are coneiderably greater, for which reason the windage losses
may again be neglected in most cases.

Theoreticel considerations, which permit predetermination of

the intermal adiabatic efficiency, agree vaory well with the results

of the tests. As the dlagrams show, the internal adiabatic efficiency,
which is decislve for compressor energy congiderations, is extra-
ordinarily sensitive to the drag-lift ratio, which indicates the
necessity of optimum surface quality and precision menufacture for
axlal compressors. Moreover the results show that the optimum value
of the internal efficiency is dependent upon the flow coefficient

and upon the diameter ratio used in the cese under consideration. The
other partiasl efficiencies, which determine the coupling power required .
in the case in question, are to a great extent not influenced by
the diameter ratilo, asnd are largely depencont upon the precision of
 manufacture (nye1), upon the type of drive (Mmech) , end upon the

structural dimepsions (nvent): but these are of minor significance
in a comparison with the blade efficiency.

Translated by W. G« Weekley
Buresu of Aeronautics,
Nayy Department
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Figure 1.-

Rotor of test blower with z = 48 blades.
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Figure 2.- Blade sections and characteristic dimensions of the rotor.
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Figure 20.- Ratio of the attainable pressure coefficient (¥,,,. v = X)

to the maximum pressure coefficient reachéd (¥0 © = 0.75),

as a function of the diameter ratio.
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Figure 24.- Schematic representation of the sources of loss.
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Figure 26.-

Sketch explaining the symbols.
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Figure 27.- Breakdown of blade efficiency n, as a function of the
flow coefficient ® for diameter ratios v =0.75 to 0.95,

a. Losses as a result of friction at the acting surface of the

blades. (ep>0)

b. Friction losses at the hub and housing (guide surfaces) as

aresultof k.>1.

c. L.osses still unexplained, possibly a result of entry shock in

the following stator.

d. Clearance, windage and mechanical losses.
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